Abstract
Methodology and results
Samples were collected from 425 individuals; comprising of 232 HAT cases, 79 subjects with long lasting positive and specific serology but negative parasitology and 114 endemic controls. Genotypes of 28 SNPs in eight genes passed quality control and were used for an association analysis. 
Conclusion
Our data show that host genes are involved in modulating Trypanosoma brucei gambiense infection outcome in infected individuals from Guinea with IL6 rs1818879 being associated with a lower risk of progressing to active HAT. These results enhance our understanding of host-parasite interactions and, ultimately, may lead to the development of new control tools.
Author summary
Human African Trypanosomiasis (HAT) known as sleeping sickness is a lethal neglected disease in West and Central Africa, caused by the parasite Trypanosoma brucei gambiense that is transmitted by tsetse flies Glossina palpalis gambiensis. The disease has long been considered to be invariably fatal, but field studies show that T. b. gambiense infection leads to a wide diversity of clinical outcomes. An acute form progressing rapidly to second stage; spontaneous self-cure and individuals able to control parasitaemia at very low levels (latent infections). In the present study, we test for associations between candidate gene polymorphisms and different HAT phenotypes (HAT confirmed cases, latent infections) and endemic controls, in order to identify relationships between the clinical diversity and host genetic determinants. Our results, based on clinical, serological and parasitological observations, combined with genotypes and association analysis form the most complete study of host genetic determinants and clinical diversity of HAT in Guinea to date. We show that host genes are involved in modulating responses in Trypanosoma brucei gambiense infected individuals. A new association was found between IL6 rs1818879 and a reduced risk of progressing from latent infection to active HAT. These results constitute an important stage toward the identification of the natural human mechanisms involved in T. b. gambiense infection regulation.
Introduction
Human African trypanosomiasis (HAT) known as sleeping sickness is a neglected disease of sub-Saharan Africa caused by two sub-species of trypanosomes, Trypanosoma brucei (T. b.) gambiense (in West and Central Africa) and T. b. rhodesiense (in East and South Africa), with T. b. gambiense causing > 95% of all cases [1] . In West Africa, Guinea is the country with the highest prevalence for HAT, especially on the coast [2] , where the vector, the tsetse fly Glossina palpalis gambiensis is abundant [3] . In the active foci of Boffa, Dubreka and Forecariah prevalence in humans is generally around 0.5-1%, but can go up to 5% in some villages [1, 3, 4] . HAT caused by T. b. gambiense is classically described as a chronic disease with an early haemolymphatic phase (first stage) associated with nonspecific symptoms such as intermittent fevers and headaches, followed by a meningoencephalitic phase (second stage) where the parasite invades the central nervous system (CNS) leading to neurological disorders. In the absence of treatment, HAT is widely assumed to be 100% fatal. However, asymptomatic carriers and spontaneous cure without treatment have been described in old [5] and more recent reports [6] , strengthening the evidence for human trypanotolerance / resistance [7] [8] [9] [10] . Indeed, a recent long-term longitudinal survey in Côte d'Ivoire found people who were initially diagnosed by microscopy but on follow-up examination, up to 15 years later, had no detectable parasitaemia by microscopy, despite not having received treatment [6] . A drop in antibody titers to seronegative levels was detected in some of these subjects, indicating that they have self-cured. In contrast, others maintained a long-lasting serological response, being Card Agglutination Test for Trypanosomiasis (CATT) and trypanolysis (TL) test positive but had no parasites detectable by microscopy, suggesting that these individuals were able to control blood parasitaemia at very low levels and were considered as asymptomatic carriers of parasites and were classified as latent infections [4, 9, 11] . Many factors could play a role in this variability of response to infection, and the respective roles of the virulence of the parasite and host susceptibility in this clinical diversity remain unclear [12] . It has been suggested that genetic polymorphism of the parasite could be associated with asymptomatic and very chronic infections [11] . Nevertheless, host genetic factors involved in the control of immunity could regulate infection levels or mortality rates, as has been shown for Trypanosoma congolense infections in experimental models [13, 14] and also T. brucei spp in humans [15] [16] [17] [18] [19] [20] .
Hence, the purpose of the present study was to study the role of single nucleotide polymorphisms (SNPs) in IL4, IL6, IL8, IL10, IFNG, APOL1, TNFA, HPR, HLA-G, HLA-A, HP, and MIF genes on susceptibility/resistance to HAT by means of an association study between HAT cases, seropositive microscopically aparasitaemic subjects with latent infections, and controls in order to explore their possible role in human immunity to this complex disease.
Methods

Informed consent and ethics statement
The study was performed as part of medical survey conducted by the national control program according to the national HAT diagnostic procedures and was approved by the Ministry of Health in Guinea. All participants were informed about the objective of the study in their own language and signed an informed consent form. For participants under 18 year of age, a written informed consent was obtained from the parent. This study is part of a TrypanoGEN project which aims to understand the genetic basis of human susceptibility to trypanosomiasis and samples were archived in the TrypanoGEN Biobank at CIRDES [21] for which approval was obtained from the Guinea National ethics committee (1-22/04/2013).
Study population
The study was carried out in three active HAT foci (Dubreka, Boffa, and Forecariah) in the mangrove areas of coastal Guinea. Most of the population is from the Soussou ethnic group and lives in small villages scattered along mangrove channels [1, 3] . All subjects included in this study were identified during medical monitoring surveys organized by the National HAT Control Program (NCP) between November 2007 and December 2013, according to the WHO and NCP policies described elsewhere [4] . Blood (5 ml) was collected in heparinized tubes. For individuals who are positive to the CATT (Card Agglutination Test for Trypanosomiasis) serological mass screening test, a twofold plasma dilution series was tested to determine their CATT end titer. All individuals with titers of 1/4 or greater were submitted to microscopic examination of lymph node aspirates whenever swollen lymph nodes were present; 350 ml of buffy coat was then examined by using the mini-anion exchange column (mAECT) test which has shown to have a threshold of detection of 10 trypanosomes ml -1 of blood [3, 22] . Samples that were CATT negative, CATT positive with lymph node and/or buffy coat negative for trypanosomes were all subject to the immune trypanolysis test (TL), which is a serological test that is highly specific for T. b. gambiense [23] . 425 individuals were selected according to the study inclusion criteria below.
Phenotype definitions
Samples were classified into three phenotypes: (1) Cases or active HAT patients are defined as subjects presenting as positive on both serological tests (CATT and TL) and parasitological tests (mAECT and/or examination of cervical lymph juice aspirates); (2) latent infections have CATT plasma dilution end titer 1/4 or higher; TL positive and are parasitology negative and maintain this phenotype for at least two years; (3) endemic controls who have serology (CATT and TL) negative and living in the same village as a HAT patient and/or a seropositive subject. All individuals live in the same area and had been exposed to the risk of infection since birth [21] .
Study design
This study was one of six studies of populations of HAT endemic areas in DRC, Cameroon, Cote d'Ivoire, Guinea, Malawi and Uganda. The studies were designed to have 80% power to detect odds ratios (OR) >2 for loci with disease allele frequencies of 0.15-0.65 with the 80 SNPs genotyped. The study design included a total of 425 samples: 232 HAT cases, 79 seropositive and 114 uninfected or endemic controls. Power calculations were undertaken using the genetics analysis package gap in r [24] .
DNA extraction
DNA was extracted from buffy coat (BC) samples using the Qiagen DNA extraction kit (QIAamp DNA Blood Midi Kit) following the instructions of the manufacturer. The DNA extract was stored at -20˚C. After extraction each DNA sample was quantified on a spectrophotometer (NanoDrop).
Single Nucleotide Polymorphisms (SNPs) selection 80 SNP were selected for genotyping using two strategies: 1) specific SNP in IL10, TNFA, HLA-A, HLA-G, APOL1, MIF, HPR and HP had been previously reported to be associated with HAT or 2) IL4, IL8, IL6, HLA-G and IFNG were scanned for sets of linked marker SNP (r 2 < 0.5) across each gene. The SNPs in this second group of genes were selected using a merged set of SNP obtained from low fold coverage (8-10x) whole genome shotgun data generated from 230 residents living in regions (Democratic Republic of Congo, Guinea Conakry, Ivory Coast and Uganda) where trypanosomiasis is endemic (TrypanoGEN consortium, European Nucleotide Archive Study Number EGAS00001002482) and 1000 Genomes Project data from African populations, only published SNP with dbSNP identifiers were used in the design. Linkage (r 2 ) between loci was estimated using Plink and sets of SNP that covered the gene were identified. Some SNP loci were excluded during assay development or failed to genotype and were not replaced.
Genotyping
Samples were submitted to Plateforme Genome Transcriptome de Bordeaux at INRA Site de Pierroton. Multiplex design (two sets of 40 SNPs) was performed using Assay Design Suite v2.0 (Agena Biosciences). SNP genotyping was achieved with the iPLEX Gold genotyping kit (Agena Biosciences) for the MassArray iPLEX genotyping assay, following the manufacturer's instructions. Products were detected on a MassArray mass spectrophotometer and data were acquired in real time with MassArray RT software (Agena Biosciences). SNP clustering and validation was carried out with Typer 4.0 software (Agena Biosciences). APOL1 rs71785313 SNP was genotyped again by LGC Genomics, Hoddesden, United Kingdom, using the PCR based KASP assay [25] .
Statistical analysis
Plink v1.9 [26] was used for statistical analysis, allele frequencies were analyzed by simple allele counting and the R 3.3.1 software package was used for data visualization (R Foundation for Statistical Computing, Vienna Austria). For quality control and filtering, SNPs loci with missing genotypes > 10% and individuals with missing loci > 10% were removed. In addition SNPs with Hardy equilibrium (HWE) p < 0.001, minor allele frequency MAF < 0.05, SNPs in linkage with adjacent SNPs (r 2 > 0.5) and monomorphic loci were also pruned [27] . 28 SNPs were remaining after filtering and LD pruning and were used to test association with the disease. Association analysis's were done using pairwise comparison between cases-controls, cases-latent infections and latent infections-controls. The Fisher exact test was used to test for significant differences in allele frequencies between phenotypes. We also tested for association with disease under additive model allowing for non-genetic risk factors "sex and age". Odds ratio for the minor allele A1, and p-value for association, were adjusted for age and sex. In all analysis, results were adjusted by Bonferroni correction for multiple comparisons. The Bonferroni correction establishes the threshold of significance at α/n. P-values smaller than 0.05/ 28 = 0.0018 or an adjusted p-value <0.05 were considered significant.
Results
Genes and SNPs selected
In total 12 candidate genes that have known or plausible associations with HAT were identified from the literature. frequencies that deviated from HWE were removed. The allelic and minor allele carrier frequencies are shown in Tables 2-4 , along with the results of the association test.
Association study
The APOL1 rs73885319 polymorphism is one part of a two SNP haplotype, with derived alleles designated "G1" composed of two tightly linked coding variants rs73885319 (S342G) and rs60910145 (I384M) non-synonymous in the last exon of APOL1. The derived allele of rs71785313 called APOL1 G2 APOL1 is a 6 base pair deletion, removing amino acids N388 and Y389. Wild type APOL1 is known as G0. APOL1 alleles G1 and G2 are independent [28] . The distribution of APOL1 G1 and APOL1 G2 in the present study were significantly different in latent infections compared to both cases and controls (Tables 3 and 4 (Table 3 ). An association was observed at IL6 rs1818879 (Fig 1) , indicating that subjects with latent infections carrying the A allele had a lower risk of progressing to active HAT (p = 0.0001, OR = 0.39, CI 95 = [0.24-0.63], BONF = 0.0034) ( Table 3 No statistically significant differences were observed in allele frequency for the polymorphisms of other genes (IL4, IL8, HLA-G, TNFA, HP, IFNG and MIF) between cases and controls; cases and latent infection or latent infection and controls in all the analyses.
Discussion
Association analysis's undertaken in this study allow us to investigate genetic associations of candidate genes polymorphisms with HAT in a Guinean population.
The main findings of our study are that the A allele of IL6 rs1818879 and the G allele of APOL1 G1 appear to be associated with a higher risk of developing a latent infection but a lower risk of progressing from latent infection with undetectable parasitaemia to active disease. These alleles thus seem to provide some degree of protection for individuals with latent infections, providing the ability to maintain infection levels that are undetectable by microscopy. However, the APOL1 G2 allele increased the risk of progressing from latent infection to active HAT. The associations with the APOL1 G1 and G2 polymorphisms confirm our previous observations of these SNPs with a more limited sample [20] , they were genotyped again in this study as part of the larger multi-country TrypanoGEN consortium study, on an extensive sample from Guinea. Cooper et al. found an association between G2 and HAT and Controls in T. b. rhodesiense in Uganda [20] . APOL1 is a component of the trypanosome lytic factor (TLF) of human serum that confers resistance to T. b. brucei [29, 30] . APOL1forms pores in the parasite endolysosomal membranes and triggers lysosome swelling which leads to trypanolysis [31] . APOL1 expression is also induced by T. b. gambiense infection enhancing its lytic activity [32] . African trypanosomes, except T. b. gambiense and T. b. rhodesiense are lysed by APOL1. These two subspecies can resist lysis by APOL1 because they express the serum resistance glycoprotein (TgsGP) and serum resistance-associated protein (SRA), respectively [33] [34] [35] . T. b. rhodesiense SRA inhibits APOL1 by direct binding but TgsGP acts by limiting uptake of APOL1. T. b. gambiense (group 1) also can resist TLF-1 killing because coding sequence mutations to the TbgHpHbR, reduce expression of Hp/Hb receptor and limit TLF-1 uptake [36] . The mode of action of G1 is unknown but the G2 mutation limits binding of SRA to APOL1 and should therefore make APOL1 G2 lytic to T. b. rhodesiense but this mechanism could not effect T. b. gambiense, which does not have the SRA gene [28, 37] . In this study, we found that the 6 base pair deletion in APOL1 G2 is risk factor for developing an active T. b. gambiense infection from a latent infection.
IL6 rs1818879 A allele carriers had a lower risk of developing the disease. rs1818879 appears to fall within a CCCTC-Binding factor (CTCF) binding site and GTEx reports rs1818879 as an eQTL for AC073072, a novel antisense RNA gene within IL6 on the opposite strand about which little is known [38] . CTCF is a zinc finger protein that can be involved in activation or repression of gene expression and the disruption of this binding site may account for the eQTL associated with AC073072 [39] . Although the mechanism remains unclear, these data suggest that rs1818879 may be a functional polymorphism and not just a marker for differences in response to infection.
It has been shown that IL6 could play a role on the modification of blood brain barrier permeability in vitro together with other pro-inflammatory cytokines such as IL1 and TNFA in blood and/or in CNS [40] . IL6 plasma levels were found to be significantly higher in individuals with latent infection from Guinea as compared to controls or HAT patients [17] . Girard and al. (2005) showed that IL6 synthesis was induced in bone marrow by T. b. gambiense in vitro [41] . Therefore, Il6 appears as an important inflammatory cytokine mediating T. b. gambiense response and suggest that IL6 could play a role in the phenomenon of latent infections without parasitological confirmation. The result obtained with IL6 rs1818879 in our study is consistent with the data from a candidate gene association study in DRC, where rs2069849 in IL6 was shown to be associated with a decreased risk of developing the disease [16] . Our data show that the frequency of the G minor allele of MIF rs36086171 was higher in cases than in controls (uncorrected p = 0.0239, OR = 1.65, CI 95 = [1.07-2.53]) and MIF rs12483859 C allele in latent infections than in controls (uncorrected p = 0.0077, OR = 1.86, CI 95 = [1.18-2.95]). MIF is an important component of the host response implicated in the antimicrobial response and promotes the secretion and activation of pro-inflammatory cytokines, by immune cells [42, 43] . Low expression of MIF has been described as favoring infection and disease progression in leishmaniasis [44] . We did not find a significant difference after correction (BONF = 0.0588), but it is known that this gene can contribute to disease development in a mice experimental model [45] .
In conclusion, this study provides further evidence that the clinical diversity of sleeping sickness is partly due to the genetic diversity of the hosts. Our data demonstrate that the outcome of the disease is affected by three polymorphisms (APOL1 G1, G2 and IL6 rs1818879) in the Guinean population. This study was performed in the framework of the TrypanoGEN consortium to systematically investigate the role of host genetics in disease susceptibility and progression across East and West African populations. Further studies need to be conducted to confirm these results and to determine the mechanisms by which these alleles affect disease progression and outcome in HAT and could lead to the discovery of human natural resistance mechanisms and thus to the development of new tools for the control of this neglected tropical disease. 
Supervision
